Approximately one in five neurons is GABAergic in many neocortical areas and species, forming a critical balance between inhibition and excitation in adult circuits. During development, cortical GABAergic neurons are generated in ventral telencephalon and migrate up to developing cortex where the excitatory glutamatergic neurons are born. We ask here: when during development is the adult GABAergic/ glutamatergic neuron ratio first established? To answer this question, we have determined the fraction of all neocortical GABAergic neurons that will become inhibitory (GAD67 ϩ ) in mice from embryonic day 10.5 (E10.5) to postnatal day 28 (P28). We find that this fraction is close to 1/5, the adult value, starting from early in corticogenesis (E14.5, when GAD67 ϩ neurons are still migrating tangentially to the cortex) and continuing at the same 1/5 value throughout the remainder of brain development. Thus our data indicate the one-in-five fraction of GABAergic neurons is already established during their neuronal migration and well before significant synapse formation.
Introduction
Across many cortical regions and species, approximately one in five neurons in the adult neocortex is inhibitory and uses the neurotransmitter GABA to hyperpolarize its target neurons (Hendry et al., 1987) . Cortical GABAergic inhibitory neurons come in a rich variety of types, and the numbers and cortical locations of each type are believed to be tightly regulated in cortical neural circuits (Markram et al., 2004; Huang et al., 2007; Ascoli et al., 2008) .
Setting the fraction of all neurons that are GABAergic at 1/5 as seen in the adult cortex is more complicated than it might first seem. During development, glutamatergic and GABAergic neurons are born in separate locations. The glutamatergic neurons are generated in the ventricular and subventricular zones of embryonic cortex and typically migrate radially in an "inside-out" sequence to form layers in the cortical plate (O'Leary et al., 2007; Marín et al., 2010) . Most, if not all, GABAergic neurons, however, are born in the medial and caudal ganglionic eminences in ventral telencephalon, and migrate first tangentially from their birthplace to the proper cortical region, and then radially through the cortical plate to reach their final laminar location (Anderson et al., 1997; Lavdas et al., 1999; Nery et al., 2002) . The tangential migration of these cells mainly follows two distinct streams, one superficial in the marginal zone and a deeper one in the subventricular and intermediate zones (Ang et al., 2003; Kriegstein and Noctor, 2004; Tanaka et al., 2006; Marín et al., 2010) . After cells have reached their appropriate tangential location in the cortex, they move radially-perhaps after a considerable delay-to reach their final laminar position in the cortical plate; on occasion, GABAergic cells take more complicated paths to their final location (Tanaka et al., 2006) .
Many GABAergic neurons seek out inside-out locations populated by excitatory neurons born at the same time (Fairén et al., 1986; Cavanagh and Parnavelas, 1988; Ang et al., 2003; Valcanis and Tan, 2003; Xu et al., 2004; Yozu et al., 2004; Rymar and Sadikot, 2007) and some seem to recognize layer-specific cues provided by excitatory neurons for settling their final positions (Lodato et al., 2011) . But others do not follow this rule so that they are not birthdate-matched with their neighboring excitatory cells (Yozu et al., 2004; Rymar and Sadikot, 2007) . Thus, the GABAergic/glutamatergic neuron number matching must be achieved in the context of the spatially and temporally dispersed neuron generation with superimposed cellular migration over different routes and at different times.
What are the developmental mechanisms responsible for setting the fraction of cortical GABAergic neuron at one in five? Are excess GABAergic neurons provided to the cortex and their final number adjusted in respond to the environment cues as observed in some developmental processes (Cowan et al., 1984; Kuan et al., 2000) ? Or is the appropriate quantity of GABAergic neurons determined by the number generated remotely and by migratory choices? A first step in approaching this question is to determine when during development this 1/5 ratio is established. We have estimated the GABAergic neuron fraction in the developing neocortex on each embryonic day from embryonic day 10.5 (E10.5) through E18.5 and at several times after birth, and have found that this fraction is set at close to 1/5 early in corticogenesis. Nearly the same fraction is then maintained throughout the remainder of development and into adulthood.
Materials and Methods
Animals. Timed pregnant ICR mice and GAD67-GFP knock-in mice (Tamamaki et al., 2003) were used in accordance with institution guidelines. We crossed heterozygote males to wild-type ICR to obtain embryos and pups at the ages described. The day of insemination and the day of birth are designated as embryonic day 0.5 (E0.5) and postnatal day 0 (P0), respectively.
Histochemistry. For counting GAD67-GFP cells on sections, brains were fixed in 4% PFA in PBS, cryoprotected in 20% sucrose/PBS, cut at 20 m. For identifying neurons at the later stages (P7 and P28), sections (40 m) were stained by mouse anti-NeuN antibody (Millipore Bioscience Research Reagents). Sections were counterstained by TO-PRO-3 iodide (Invitrogen) and observed with confocal microscopy (Zeiss LSM510). GFP-positive, NeuN-positive, and total cells were counted under 50 m columns in the developing somatosensory areas (n ϭ 4). For immunostaining with anti-GABA antibody, brains of embryonic or postnatal GAD67-GFP mice were fixed in 0.2% glutaraldehyde-4% PFA in 0.1 M phosphate buffer, pH 7.4, overnight. Brain sections 5 m thick were stained with rabbit anti-GABA antibody (Sigma) and visualized with Cy3 anti-rabbit secondary antibody. Cell death was assessed by the staining of E14.5-E18.5 coronal sections from GAD67-GFP heterozygote mice (n ϭ 5) by rabbit anti-activated caspase-3 antibody (Millipore Bioscience Research Reagents). For double staining of NeuN and Synapsin I, P7 and P28 sections (10 pictures for each taken randomly from 5 brains) were stained by in situ hybridization with Synapsin I probes (Allen brain atlas: RP_050927_04_H08) according to the manufacturer's fluorescent in situ protocol (TSA kit with HRP biotin tyramide, Life Technologies) and subsequently subjected to immunostaining with anti-NeuN antibody.
Dissociated cells were prepared by dissecting out cortices from 8 -14 embryos at each of the indicated stages as described earlier (Sahara and O'Leary, 2009 ) but with some modification. Briefly, the middle 1/9 part of developing cortex is dissected out (with the remaining rostral, caudal, medial, and lateral regions discarded), incubated in 0.2% trypsin, 1 mM cysteine, 7 U/ml papain, 0.5 mg/ml collagenase (for E16.5-E18.5) in HBBS for 10 min. Cells are dissociated by pipetting on ice and are immediately fixed in 4% PFA and attached poly-L-lysine cortex cover glasses by centrifugation. Cells are immunostained by mouse anti-TuJ1 (Covance) and rabbit anti-Map2 (Millipore Bioscience Research Reagents) antibodies. Ten to 15 pictures are taken from 3-4 independent experiment sets prepared typically from 2-3 embryos for counting of dissociated cells, and an average of ϳ1700 total cells were counted per stage (range 500 -3000, depending on the age).
Results

Faithful expression of GAD67-GFP cells in GABA
؉
cortical cells
To count cortical GABAergic neurons during development, we used heterozygotic GAD67-GFP knock-in mice in which the expression of GAD67 is marked by eGFP (Tamamaki et al., 2003) . This approach is necessary because immunostaining of GABA ϩ cells by anti-GABA antibody was not reproducible in dissociated cells (data not shown), although the antibody gives reliable staining in thin sections fixed with 0.2% glutaraldehyde. Both GAD65 and 67, the two main GAD isoforms, are believed to be expressed in the same GABAergic neurons in the cortex. GAD67-GFP mice are therefore expected to have nearly all cortical GABAergic interneurons labeled (Esclapez et al., 1993 (Esclapez et al., , 1994 . Also in this mouse, Ͼ96% of GABA ϩ -immunoreactive neurons have been reported to express GFP at E13.5 and E15.5 (Tanaka et al., 2006) . We have examined coexpression of GABA and GAD67-GFP at other embryonic and postnatal stages and find that GAD67-GFP is expressed by Ͼ93% of GABA ϩ neurons at all stages examined ( Fig. 1 A-P) . This observation confirms that GAD67-GFP is a faithful reporter for GABA-expressing cells.
Brains from heterozygous GAD67-GFP neonates contain only ϳ60% of the total quantities of GABA compared with wild-type mice (Tamamaki et al., 2003) , and we worried that this GABA reduction might affect the migratory behavior of GABAergic neurons as ambient GABA has been suggested to promote cortical invasion of GABAergic neurons into the cortex (Cuzon et al., 2006) . After immunostaining with anti-GABA antibody, however, we find indistinguishable migratory patterns ( Fig. 1Q-T ) and GABAergic neuron numbers between wild-type and heterozygote (Fig. 1U ) . We therefore believe that conclusions derived from the study of GFP ϩ cells are applicable to wild-type cortex.
Migration profiles of GAD67
؉ neurons in the cortex The first step in our analysis was to examine the spatial distribution of GAD67 ϩ cells during development. We find that no GAD67 ϩ cells have entered the cortex by E12.5 (data not shown), and that the wavefront of migrating GABAergic cells arrives in cortex from the ganglionic eminences by E13.5 ( Fig. 2 A, AЈ).
Most GAD67
ϩ neurons generated in the ganglionic eminences continue to stream tangentially into the cortex through the marginal zone and the subventricular/intermediate zones (the superficial and deep migratory streams, respectively), although a small number of GAD67 ϩ cells may take alternative routes (Fig. 2 B-G, BЈ-GЈ) (Nadarajah et al., 2002) . Some time after following their tangential course to the proper location, GABAergic neurons migrate radially to their final laminar locations in the cortical plate ( Fig. 2 F 
-I, FЈ-IЈ).
We have also quantified the migration of cortical GABAergic neurons generated in the ganglionic eminences by counting on sections the fraction of all GAD67 ϩ cells that are present in each of three zones: (1) the cortical plate (including cells in the upper intermediate zone) where nearly all GABAergic neurons ultimately reside, (2) the superficial migratory stream (marginal zone) and (3) the deep migratory stream (subventricular zone/ intermediate zone including those cells in ventricular zone) (Fig.  2 J) . By P0, a time when most of the excitatory neurons have moved into the cortical plate and many have reached their assigned laminar positions, approximately half of the GABAergic neurons remain outside the cortical plate and are approximately equally divided between the two migratory streams.
Estimation of the ratio of cortical GABAergic neurons during development
Our main goal in this paper is to determine, at each stage of embryonic and early postnatal development, what fraction of cortical neurons are GABAergic. This is accomplished in three steps. The first step is to estimate, at each age, what fraction of all cortical cells are neurons, and the second step is to find what fraction of all cortical cells are GAD67
ϩ . In the final step we divide the second fraction by the first to find the fraction of all neurons that are GAD67 ϩ at the various ages.
Fraction of all cortical cells that are neurons
Early in neurogenesis, the vast majority of cells present in the developing cortex are progenitors, but by P0, progenitors account for only a small fraction of all cortical cells, with neurons now being in the majority. We have determined, from E10.5 through P28, what fraction of all cells present in the developing neocortex is neurons. Before developmental age P0, cortical neurons are stained with well established early and late neural marker antibodies, TuJ1, and with Map2 (Ferreira et al., 1987; Ferreira and Caceres, 1992; Menezes and Luskin, 1994) . Because the antigens recognized by these antibodies are cytoskeletal proteins, it is difficult to count accurately all of the TuJ1 ϩ and Map2 ϩ cells present in sections because closely packed cells obscure one another. Thus we followed the strategy of preparing dissociated cells to count cell numbers at each of the developmental stages (Sahara and O'Leary, 2009) . We dissected out the developing neocortical tissue of GAD67 heterozygote embryos for each day from E10.5 to E18.5, and dissociated and plated cortical cells on a glass coverslip with immediate fixation for acute immunostaining and counting (Fig. 3A-G) . Cells are DAPI stained so that we can count all cells present (Fig. 3A) , and then the fractions of cells that express TuJ1 (Fig. 3 B, D) and/or Map2 (Fig. 3C,D) are determined.
Very few neurons are present at E10.5 (2.8% of all cells)-most cells are progenitors at this age-and newly born cortical neurons begin to appear in appreciable numbers on E12.5 (ϳ17% of all cells). The fraction of cells that are neurons (calculated as neurons per total cells) increases steadily with embryonic age and reaches a little Ͻ50% by E14.5 (Fig. 4 A) and nearly 90% by E18.5 as progenitors undergo terminal divisions and are replaced by neurons and glial progenitors. The fraction of all cortical cells that are neurons is presented, as a function of age, in Figure 4 A (circles).
By P7, neurons become positive for immunostaining by another neuronal marker, the nuclear antigen NeuN (Mullen et al., 1992) , which allows us to count stained nuclei on sections and simultaneously to observe the location of GAD67 ϩ cells (see below). We counted the fraction of TO-PRO3 cells that are NeuN ϩ in sections of cortex at ages P7 and P28 (Fig. 3H-K ) because dissociation is difficult at these later stages when neural circuits are forming and maturing. Note that we omitted the neuron counts for P0 because weak NeuN immunostaining does not provide an accurate label for all neurons at this age. Because of glial cell generation, the fraction of cells that are neurons declines at P28 (Fig. 4 A) .
Although NeuN has been widely used for as a general neuronal marker, we are not aware of a quantitative analysis that shows NeuN expression marks all cortical neurons. Thus we performed double labeling of NeuN and Synapsin I, a highly reliable marker for neurons (Micheva et al., 2010) . Although the Synapsis I protein is localized at synapses, we took advantage of the fact that Synapsin I mRNA can be detected surrounding neuronal nuclei (Fig. 3L-O) . When we counted cells coexpressing NeuN and Synapsin I, we found that ϳ97% of the NeuNϩ cells are positive for Synapsin I (97.2% Ϯ 0.62 SEM for P7, 97.3% Ϯ 0.78 SEM at P28). We therefore conclude that NeuN is a faithful marker of cortical postnatal neurons under the conditions of our experiments.
Fraction of all cortical cells that are GAD67
ϩ Next we counted the numbers of GAD67 ϩ cells prepared from GAD67 knock-in mice (Fig. 3E-K ) . Since the counting of all More than 93% of GAD67-GFP cells are immunopositive for GABA at the stages examined (P, n ϭ 4, SEM as indicated). Q-U, Similar migratory patterns of GABAergic neurons in heterozygous GAD67-GFP and wild-type cortex. Sections of E14.5 (Q, R) and E17.5 embryonic brains (S, T ) of wild-type (Q, S) and GAD67-GFP het (R, T ) mice are stained with anti-GABA antibody. Overall, migratory patterns appear to be the same in both brains at both stages. GABA ϩ cells in each section have also been counted in the somatosensory cortex (U ), and no significant differences in the numbers of GABA ϩ cells are found between genotypes. Scale bars: (in A) A-O, 50 m; (in Q) Q-T, 0.5 mm.
cortical neurons at embryonic stages must be performed with dissociated cells, we determined the number of GAD67 ϩ cells in the same way. To determine whether the results of counting GAD67 ϩ markers with dissociated cells differs from counting in sections, we used both methods over a range of developmental stages, and found the two methods agree (data not shown). The GAD67 ϩ cells at postnatal stages are counted in sections to compare with numbers of NeuN ϩ cells. We find that the fraction of GABAergic cells increases steadily from E14.5 through the rest of embryonic development, plateaus at P0, and then declines slightly at P28, again presumably because of the postnatal generation on non-neuronal cells (glia) (Fig. 4 A) . (Fig. 4 A) . The ratio of these two fractions tells us what fraction of neurons are GABAergic. We have plotted this quantity for each day from E12.5 through E18.5 and for P7 and P28 in Figure 4 (Fig. 3B) , even though most GABAergic neurons present in the developing cortex (approximately three quarters) have not yet entered the cortical plate (Fig. 2 BЈ) . This 1/5 GABAergic cell fraction then is maintained almost unchanged throughout the remainder of development, despite the fact that not all GABAergic neurons have reached their assigned laminar position until after P7, and they are still excitatory (see Discussion).
Fraction of all cortical neurons that are GAD67
We conclude, then, that the adult fraction of GABAergic-ϳ20%-is reached on E14.5 when at least 80% of cortical interneurons are still in their migratory mode, and this same 1/5 fraction is then maintained throughout development and for the remainder of the animal's life.
Discussion
Possible mechanisms for generating and maintaining the 1/5 GABAergic neuron fraction We have shown here that the 1/5 fraction of cortical GABAergic neurons is set up early in corticogenesis when GABAergic neurons are still in their migratory mode. How might this occur? For the matching of GABAergic/glutamatergic neuron numbers, some combination of at least three mechanisms could be involved: cell death, regulation of neuronal generation rates, and control of GABAergic neuronal migration.
If cell death is important, perhaps excess neurons, either glutamatergic or GABAergic, die during development in numbers necessary to establish and maintain the 1/5 GABAergic neuron fraction. We find that cell death of both glutamatergic and GABAergic neurons during embryonic stages is much too rare to account for significant adjustments in neuron numbers (data not shown). However, at postnatal stages, a subtype-specific reduction of GABAergic neurons occurs, presumably due to cell death (Taniguchi H and Huang J, personal communication) . This cell type-specific cell death could contribute to, and perhaps explain, the slight decline in the GABAergic/glutamatergic neuron fraction seen in Figure 4 B at postnatal times. Further evidence against extensive cell death as a regulatory mechanism to control the fraction of GABAergic cells is provided by the observations of Southwell et al. (2010) who found that at least some embryonic GABAergic cells transplanted into the visual cortex of mice during the first two postnatal weeks survived and functioned.
Cortical GABAergic/inhibitory and glutamatergic/excitatory neurons are born in distinct domains. Thus, if proliferation of GABAergic neurons is coordinated with the birth of glutamatergic neurons, some feedback mechanisms between cortical glutamatergic and GABAergic neurons are used to achieve the correct balance of neuron numbers (Lander et al., 2009 ). For instance, Emx1 and Emx2 are expressed in cortical progenitors but not in the ventral progenitors; double Emx1/Emx2 knock-out mice are known to have a smaller neocortex, although there appears to be an increase in the volume of the ganglionic eminences at E13.5 (Shinozaki et al., 2002, their Fig. 1G,E) . Thus it should be informative to examine proliferation of cortical GABAergic neurons in mice whose cortical size is changed.
Regulation of GABAergic neuron migration must be somehow involved in maintaining a constant GABAergic/glutamatergic neuron ratio; failure of proper migration, for example, would mean that too few GAD67 ϩ cells would be present in cortex even if correct numbers of cells were generated. Tangential migration of cortical GABAergic interneurons is known to be regulated by the combined actions of diverse signals (Marín et al., 2010) . Some of these secreted factors, like CXCL12 and neuregulins, are ex- ϩ neurons (open squares) relative to all cells present in cortex, and the abscissa is developmental age (days). B, Fraction of all neurons that are GAD67 ϩ for each developmental age. Ordinate is fraction of neurons that are GAD67 ϩ and abscissa is developmental age (days). The dotted line is the fraction 1/5. Dissociated cells are counted from 3-4 independent experiments. Error bars indicate SEM.
pressed in cortical progenitors and influence the migrating interneurons resulting in the different fraction of GABAergic neurons (Flames et al., 2004; Ló pez-Bendito et al., 2008; Li et al., 2012) .
A factor that has been identified as a regulator of GABAergic neuron migration is the concentration of GABA itself (Cuzon et al., 2006) . Furthermore, the expression of KCC2-which is responsible for the developmental switch in the response of neurons to GABA from depolarizing to hyperpolarizing (Ben-Ari, 2002 )-also appears to be involved in promoting or inhibiting migration (Bortone and Polleux, 2009 ). These observations mean that GABAergic neurons may, at least in part, regulate their own migration and thus help to control the GABAergic/total neuron ratio. This possibility of GABAergic neuronal self-regulation of migration, however, presents us with a puzzle. On the one hand, we find that migration to cortex from the ganglionic eminences is unaffected in GAD67-GFP mice but, on the other hand, these mice have been reported to have GABA content reduced to 60% of that found in wild-type mice (Tamamaki et al., 2003) . If neuronal migration is influenced by GABA concentration, why do we find migration unaffected in mutant mice with reduced GABA levels? Two obvious alternatives present themselves. First, the effects of GABA on migration presumably depend on released ambient GABA, and the relation between GABA release and the decreased GABA content of GABAergic neurons during development is unknown. A likely alternative, then, is that despite a 40% reduction in overall GABA content, the concentration of GABA present at the relevant times and locations to affect migration is not sufficiently changed in the GAD67-GFP mice to alter migration. A more complex alternative is that the dependence of GABAergic neuron migration on GABA concentrations is under homeostatic regulation. For example, decreased GABA concentrations might inhibit migration directly but might simultaneously, through decreasing the expression of KCC2 (Ganguly et al., 2001) or other regulators and thereby slowing the conversion of GABAergic neurons from excitatory to inhibitory, facilitate migration in a way that leaves net migration unaffected. These and other possibilities will require further experiments to evaluate. Together with published observations and our findings, the 1/5 ratio of cortical GABAergic/glutamatergic neurons must be controlled by a number of factors involved in generation and migration of GABAergic neurons.
Are there subtype-specific feedback pathways to keep GABAergic/glutamatergic ratio constant? In this study, we treated GABAergic neurons as if they constituted a uniform population and found that the GABAergic /glutamatergic neuronal ratio is constant during development. We know, however, that GABAergic neurons come in different subtypes with distinct origins, morphologies, and functions. Furthermore recent papers indicate that the laminar position of various cortical interneuron subtypes is regulated either by activity or by the presence of excitatory neurons in the different layers (De Marco Garcia et al., 2011; Lodato et al., 2011) . Although the total population size of GABAergic neurons is fixed relative to the number of excitatory neurons, region-to-region and layer-to-layer differences exist for particular GABAergic neuron subtypes, and understanding these differences is an important aspect of knowing the meaning of the fixed 1/5 ratio, both during development at in the adult brain.
Functional influence of developmental and exogenous perturbation of GABAergic/glutamatergic ratio
Clinically the loss of cortical inhibitory neurons is thought to be involved in various brain disorders such as schizophrenia and epilepsy (Huang et al., 2007; Ascoli et al., 2008) . Recent advances in the generation of particular neuronal types from ES/iPS cells offer a potential route to treating these diseases through the transplantation of supplemental GABAergic neurons into adult brains in which neurogenesis is no longer taking place (Kriegstein and Pitkänen, 2009) . Such a transplantation strategy will not be able to introduce precise numbers of neurons into specific regions of the intact brain. Implementing this type of treatment strategy, therefore, depends on knowing the numbers of inhibitory subtypes present in various locations, on understanding how their number is regulated, and on learning the consequences of incorrect numbers. Refinements of the approach we have taken here constitutes, we believe, an important step in this direction.
